An accurate dye dilution testing protocol using Rhodamine WT was developed and used to quantity flow meter accuracy in the Greater Detroit Regional Sewer System. Over 150 tests were performed on 3 7 flow meters in conjunction with a set of good metering practice principles. A summmy of the accuracy for each of the seven technologies tested before and after good metering practice is given. The seven technologies assessed are electromagnetic induction meters (magmeters
Introduction
In recent years, flow balances perfonned on the Greater Detroit Regional Sewer System (GDRSS) by comparing total flows measured at the WWTP with suburban flows have shown an increase in "unaccounted for" flows. The GDRSS Phase IV project was developed to better understand the sources of flow within the GDRSS collection system and those entering the system through suburban customer flow meters. This work included the installation of new flow meters within the collection system to provide more data for detailed system-wide flow balances.
Quality flow meter data was needed for these flow balances. At the start of the project there was a lack of confidence among flow metering professionals relative to the quality of the flow data being collected in the GDRSS collection system. Therefore, one key objective ofthe Phase IV project was to reduce the uncertainty in flow metering and establish confidence with collected flow data. To accomplish this, a flow metering task force (FMTF), comprising sewer and metering professionals from the Detroit Water and Sewerage Department (DWSD) and the suburban customers, was fonned to develop a consensus among system stakeholders on the best flow metering devices, appropriateness of these technologies for different locations, installation methods, and techniques used to evaluate meter accuracy.
One important outcome of the FMTF work was the development of a set of good metering practice guidelines. As part of this effort, an accurate dye dilution testing protocol was developed and used as an objective standard to assess the installed accuracy of over 37 flow meters. The use of good metering practice in conjunction with dye testing as a diagnostic tool has resulted in a significant improvement in system accuracy. Prior to good metering practice, many meters that were considered accurate were found to have errors of more than 3WYiJ. This chapter describes the techniques used to quantifY initial meter accuracy and the accuracy potential reached under a rigorous operation and maintenance program. Also discussed are some of the typical maintenance issues that were addressed to improve meter accuracy.
While it is appropriate to present the results, this chapter is not an endorsement of any of the technologies assessed. It is in1portant to understand that there is no one technology that is best for an potential meter sites. Every site has different characteristics (such as flow patterns, velocity profiles, up and downstream system constraints, range of flows and depths), which may make using certain technologies impractical or inaccurate. Most of the new meter installations under this project were in very large interceptors that were previously thought to be un-meterable due to the large range of flow and depths
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seen at each site. The most flexible technology was chosen for these sites, but at the cost of greater complexity. Therefore comparisons between technologies must also consider site characteristics. In this chapter, any sites-specific considerations are highlighted in the discussion section for each technology when appropriate.
GDRSS Metering Network.
The GDRSS collection system serves almost three million people and covers an area of over 800 square miles (1286 km 2 ). About half the flow generated in the system is from submban customers of the DWSD. Most of this flow enters the GDRSS collection system through eleven existing hig..h-flow billing meters and another three low-flow billing meters. Until this project was developed, the flows inside the City of Detroit were not directly measmed until they entered the WWTP. To quantify these flows, an additional eighteen flow meters were installed in conjunction with the eleven existing meters to bettcr understand flows throughout the system.
Seven different flow meter technologies are present in the GDRSS collection system. The different meter technologies, the number tested, the range of meter sizes, and the manufactlll'ers are given in Table IS .1. Meter size is not necessarily the size of the sewer pipe. For most full conduit meters, the meter size is smaller than the pipe size in order to force closed conduit flow. The meter size of a flume is the width of its throat. The meter size of a weir is the width ofthe weir. The open channel, multiple-path and ultrasonic meter sizes are equal to the pipe size. While laboratory testing under highly controlled conditions can be straightforward with the use of weighing tanks, field testing of in situ accuracy is more complicated. Unfortunately, laboratory-measured accuracy says little about the installed accuracy of a specific meter. Each metering technology has its own specifications and operational parameters that need to be fully understood and field-verified to ensure proper operation. A review of the literature reveals little previous work on accuracy of field installed meters. This is due primarily to the lack of a flexible and economical method to apply an objective standard in the field. In response to the uncertainty associated with flow metering technologies in practice, NSF International of Ann Arbor, Michigan, is currently working with the U.S. EPA National Risk Management Research Laboratory in Edison, Ne\v Jersey and the U.S. EPA Office of Research and Development to develop meter verification protocols under the Environmental Technology Verification (ETV) Program. Their goal is to "accelerate development and commercialization of technologies used in the control and abatement of wet weather flo\ys by providing independent third-party verification and reporting of performance" (NSF, 1999) . In doing so, they are developing both a laboratory and field protocol for meter verification. The field efforts will include the use of tracer dilution testing as the objective standard for comparison. However, as this chapter will show, even a proven technology must be fie1d-celiified at its installed location on a routine basis as many variables affect a meter's performance.
Methods
Good Metering Practice.
Dye dilution testing is only one element of the good metering practice guidelines developed by the FMTF. These guidelines include procedures for meter evaluation and certification, data recording and review, meter maintenance, and information sharing (Camp Dresser & McKee, 1998) . These practices are not specific to the GDRSS collection system and can be applied to any collection system where flow metering is performed.
The first step of good metering practice is the efficient and timely collection of high-quality meter data. The FMTF recommended that data logging be performed digitally using suitable intervals, typically at a minimum of five minutes, and that logged data include all primary data used by the meter to make estimates of flow. This primary data would include such information as the individual sensor velocity and depth measurements, if available. It was also recommended that time averaging over each interval, rather than instantaneous readings, be used to increase the quality ofthe data. In this project, data was made available remotely via dialup phone lines, and is downloaded on a twice-weekly basis, and data that requires a site visit is downloaded biweekly.
After data is collected, good metering practice requires an ongoing review and assessment of the data. Weekly plots are reviewed at the time of download for meter downtime, flow trends, negative and zero values, depth discrepancies, and other anomalies. A biweekly review is used to compare the data to rainfall records, historical data, gate and dam operations, pump station data., basin data, GIS data, climate data, and recent field calibrations or changes made to the meter. All this data also is reviewed for quality. Meter to meter correlations have been developed and are used to make estimates of missing flows. The dye dilution test results are used first to identifY maintenance issues, and secondly to detenmne adjustmentfactors, typically ranging from 0.6 to lA, to correct meter data. Redundant-level sensors are used to flag depth sensor drift, and are of great importance in maintaining a high-quality system.
Data review and collection must also be coupled with rapid assessment of equipment problems and clear communication of the tasks required for making field repairs. For this project, weekly meetings benveen meter data reviewers and field personnel were fOlmd to be the most effective way to discuss the issues and assign responsibilities to individuals. Common physical problems identified during the project have included depth sensor drift, failure of ultrasonic transducers, and communications problems. All of the identified problems point to a need for redundant-level measurement and complete logging of an data collected at each meter.
Finally, information sharing is clitical for successful operation and maintenance of a system consisting of multiple stakeholders. Information sharing anows all members to understand the operation of the system as a whole, to benefit from maintenance lessons learned throughout the system, and to allow rapid diagnosis and repair of system problems. Components of the shared information should include: a description of all meter downtimes and reasons for failure, a report of an meter maintenance performed and calibration results, a summary of any adjustments made to flow rate calculations, a summary of testing perfonned to verifY meter performance, with adjustment factors to indicate discrepancy with a standard testing method, and a summary of meter operation: e.g. typical range of flows and levels, total volume metered, and effect of wet weather on flow rate and level.
F101i'i'vletering Accuracy Assessment using Dye Dilution Testing
Dye Dilution Theory.
It was determined by the FMTF that certification of system meters should be performed on at least an annual basis, with more frequent and comprehensive testing for meters demonstrating performance problems. The FMTF discussed several options for meter evaluation, including wet wen drawdown tests, velocity profiling, temporary metering, and dye dilution testing. Ultimately, the group agreed on the development of a fluorometric dye dilution testing method to be used for meter certification. Dye testing was chosen for its accuracy, flexibility of use for most meter locations, ease of implementation, reliability, and reasonable cost. The dye dilution method is a means for estimating flow in systems where direct measurement of flow is not possible or is uncertain. A dye dilution test is performed by adding dye to the sewage flow at a constant rate, allowing the dye to mix completely with the sewage flow, and measuring the diluted dye concentration at a do\vns1:ream location. A mass balance on all fluorescing materials in the system can then be used to estimate the sewage flow, based on the degree of dilution observed at the downstream sampling point (Figure 18 .1) as:
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Co can be assumed to be very small relative to C i , so that:
where: The analytical technique used in this study eliminates the effect of background fluorescence by using standards prepared from sewage samples. In this case, mass balance on the dye only gives a simplified expression for flow:
In practice, all measurements of dye concentration are made using standards prepared as dilutions of the injected dye concentration. Thus, fluorescence measurements are used to precisely estimate the degree of dilution obtained in the system, rather than real values of rhodamine concentration. The dye dilution equation can be further simplified to: (18.6) where D is the measured dilution of dye, defined as D = C / C . 
Dye Dilution Protocol.
While any nonreactive tracer canbe used for estimating flow by this method, the use of fluorescent dye is particularly convenient because simple and accurate fluorometric methods arc available for on-site continuous analysis of concentrations. A commonly used fluoromehic dye is Rhodamine WT, a dark red dye that is extremely nonreactive and has a velY low tendency to adsorb to solid surfaces (Shiau et aI., 1993; Smart et ai., 1977) . Analytical methods for determining Rhodamine WT concentrations are well developed, and concentrations as low as 0.1 parts per billion (Ppb) are detectable using standard techniques. Rhodamine dye is invisible to the naked eye at concentrations below approximately 100 ppb, and is nonhazardous, biodegradable, and UV -photodegradable. Rhodamine WT is commercially available in a number of forms, including powders, solids, and liquids. Rhodamine WT liquid was adopted as the standard test dye used in this study.
The full protocol for dye dilution testing is detailed in a Dye Dilution Test Protocol (Camp Dresser & McKee, 1996b) . In addition, a description of laboratory studies and error analysis work done to support the development of the protocol is a subsequent Meter Uncertainty Analysis (Camp Dresser & McKee, 1996c) . The experience of the Flow Metering Task Force and GDRSS Technical Committee to date, as documented in these memos, has identified several key considerations required for accurate, reliable dye testing. These mclude:
• contmuous monitOling of dye injection rate, verification of dye consistency, accounting for time of travel, • high-quality standards curve preparation (use of representative samples), frequent (time-specific) standards curve preparation, contmuous monitoring of suspended solids, fluorescence, and comprehensive error analysis If these issues are all addressed satisfactorily, dye testing can be an accurate and flexible method for flow meter accuracy evaluation.
It should also be noted that dye test accuracy can be enhanced by careful operation of the system bemg metered. In cases where flow can be controlled by gate or pump station operation, flows can be maintained at constant rates and can be targeted to the specific flow range of interest. For aU testing sites, a careful examination of possible operational controls should be made.
In practice, dye injection is perfonned fi:om a van as shown in Figure  I8 .2a. The dye solution is mixed m a 30-gallon (l131itre) polyethylene bane!. A constant displacement pump that can draw either directly from the 30-gaUon barrel or from a system of calibrated burettes, is used to inject the dye mix mto the flow stream. The bmettes are used to measure and verify a constant inject rate by pClfonning drawdown tests every 5 minutes. The burettes are filled by a second pump while the injection pump is drawmg from the 30 gallon bane!. A three-way valve is used to control this operation.
Dye withdrawal is perfonned using a trailer fitted with a small lab as shown in Figure I8 .2b. A screened submersible pump is used to bring a sample of the flow stream to a filter bucket on the smface. A second pump, with a fmer screen, delivers the sample into the trailer and through a Turner Designs 1 OAU t1uorometer and a Hach DRl2000 spectrophotometer. The spectrophotometer is used to monitor suspended solids as high levels and rapid changes can interfere with the test. One-minute readings are automatically recorded on a laptop.
Dye Dilution Uncertainty and Revie'.v.
Dye dilution testing, in general, can range in accuracy from 1 % to 30% depending on the care and instruments used (U.S. Bmeau of Reclamation, 1997), indicating the need for a comprehensive enor analysis. However, due to its high potential for accmacy, it is included in the American Society of Mechanical Engineers Perfonnance Test Codes (1992) . Using the protocol and comprehensive uncertainty analysis developed under this project, average test enors typically range between 2% and 5%, but can be as low as 1.5%. The uncertainty of dye test results is calculated at aU data points, according to the methods described in Phase IV Technical Memorandum 4 (Camp Dresser & McKee, 1996c) . Dye test uncertainty is a function of: uncertainty in injected flow rate, uncertainty in measurement of fluorescence, error in preparation of standards curves, uncertainty in temperature compensation,
• variation in suspended solids and background fluorescence, • degree of mixing in the system, and • uncertainty in adjustment for travel times The magnitude of each error component is quantified as completely as possible for each flow measurement. In this chapter, total dye test uncertainty is reported as the root sum of squares (RSS) of aU error sources, the method commonly used for calculation of 95% confidence bounds.
Presentations of dye test protocol development, error analysis work, and test verification procedures were made periodically to the FMTF and GDRSS Technical Committee during the development of the protocol in 1996 and early 1997. This included comparisons to a reliable magmeter and wet well drawdown tests. The work was also subjected to review by other contractors, as well as independent reviews by Dr. Steven Wlight, professor of hydraulics and hydrology at the University of Michigan. Review of the testing results has been provided by the GDRSS Technical Committee for the duration of the project. The dye testing procedure was accepted by the FMTF as a preferred method for meter evaluation after the initial protocol was developed in 1996, and was formally adopted into the FMTF Guidelines for Good Metering Practice in January 1999.
Unique aspects of the dye testing protocol and example results were also presented at the national conference of the Water Environment Federation (WEF) (Dekker et aI., 1997) , and at the WEF Special Conference on Advances in Urban Wet Weather Pollution Reduction (Dekker et al., 1998) . Discussions are cunently underway with the EPAlNational Sanitation Foundation to incorporate the dye testing technique into a standard method for meter evaluation.
};[eter Accuracy and Bias.
Metering errors result from numerous error sources that differ between technologies. For example, errors associated with open-cl1almel, transit-time meters could include depth-sensing enOl", inaccurate location of transducers, inaccurate characterization ofthe pipe geometry, or approximations made in the integration algorithm. While it is important to understand these enol' components, a detailed study of the individual sources of accuracy is not attempted in this work. Instead, only the overall enOl" of measurement for a completely installed metering system is found by comparing dye test and meter flows.
Dye test/meter comparisons are made at time points where the total uncertainty in the dye test is minimized, usually in the vicinity of a (time lag compensated) standards curve as shown in Figure 18 In order to make the most appropriate comparison between dye test and meter data, dye test results are averaged over the same interval used by the data acquisition systems in place at the sites investigated. For all current tests, dye test data averaging follows the convention used by the datalogging equipment of averaging over a 5-minute interval and time-stamping the data with the start time of the interval.
The adjustment factors (AF) calculated at single comparison points during a test are used to find an average test AF and 95% confidence interval (average RSS) as shown in Table 18 .2. Single-point AFs are also used to estimate the average accuracy of a meter during a period of consistent meter operation, or Bias estimates greater than 1 indicate that the meter or group of meters is reading low, while biases less than 1 indicate the readings are high. The average accuracy and bias observed for a flow meter technology is found as the average of the AF period accuracy and bias estimates found using Equations 18.8 and 18.9 for that technology.
Results and Discussion
Most combined sewer system meters are not maintained with the level of effort employed under the GDRSS Phase IV program. In particular, a standard measurement method is not typically used as an indicator of accuracy and maintenance needs. Therefore, the state of the GDRSS collection system meters before good metering practice principles were implemented can serve as an example of the potential inaccuracy of similar systems.
One reason for implementing the good metering practice guidelines was to ensure that aU meters were being maintained in a consistent and thorough way. Before these guidelines were implemented, existing meters were maintained at different levels of effort. While, flow data for each meter was at a mini..'11mn compared to historical data, only some meters underwent a more thorough data review similar to the recommended good metering practice guidelines. Likewise, monthly preventative maintenance checks were performed on some of the meters, whiles others were only visited when data review suggested a problem existed. Even so, meters that were carefully maintained and thought to be accurate were found by dye dilution testing to be highly inaccurate.
To date, over 150 dye tests have been performed in the GDRSS on seven different flow-metering technologies. Table 18 .3 gives the average accuracy and bias of different technologies in the GDRSS before any maintenance issues indicated by good metering practices (in particular, dye testing) were addressed. This includes all tests performed on existing or new meters over the first year dye testing was peliormed on each meter, or until corrective maintenance was performed on the meter. This also includes tests for a year after any critical meter component was replaced or was brought back online after being inoperable for over six months (or until corrective maintenance was performed). Dye tests were performed on ne\\' meters only after the installations were thought to be pelionning to their capacity and therefore represent how well a typical installation might be expected to behave. For comparison, the "expected accuracy" of each meter technology as determined by the FMTF at the beginning of the project is shown in column 2 of Table 18 .4. This range of values is derived from an experience-based assessment of the accuracy of each technology. Also given in the final three columns is the total number of meters, tests, and comparison points used to calculate the observed accuracy and bias.
A summary of the observed accuracy for each of the seven technologies after applying good metering practice is given in Table 18 .4. In an effort to determine the accuracy potential after using good metering practice, only AF periods when no maintenance issues were knO"c1l to exist were used. This also includes initial test periods if no maintenance issues were identified. The potential realized may not necessarily represent the most accurate conditions under which the meter can operate, but is a measure of the accuracy potential observed at each meter after a greater-than-usual effort has been used to ensure proper operation. ==,,,,,,,,,,,-,,,,',,,,,,,:',,,=,,,w,,,,=,,,,.,,,,,,, ,",,,,,,,,:,,-,,,-' .' <,,,-,,,;;<,,<>,,,,,,,,=,,,,-%,,,,,-,-,,,,,,,,,,%,»,,,,,;,,-,,,-,,,,,,=,,
j\iagmeters.
Electromagnetic induction meters, more commonly called magmeters, operate on the basis of Faraday's principle, which states that flow of a conductor through a magnetic field induces a current proportional to the flow rate. The meters are widely used in water distribution and wastewater collection systems, as they are considered to be accurate and reliable, requiring little maintenance. Their accuracy and consistency stems from directly measuring flow rate without the need to measure depth and velocity. Magnlcters are calibrated in a laboratory prior to installation, but require periodic re-calibration. This may be perfonned using pump curves or drawdown tests in the field if necessary. Manufacturers claim accuracy as high as 0.5% of measurement (Camp Dresser & McKee, 1996a; Mills 1992) . The GDRSS FMTF estimated the accuracy to range bet\.veen 2 and 5% of measurement. In some cases, corrosion or coating ofwetled sensors can cause inaccuracies (Mills, 1992) . The high cost of mag meters typically limit them to pipes under 5 feet (0.6 meters) in diameter, but installations as large as 10 feet (3.0 meters) are possible. In this study, seventeen tests were perfonned on three magmeters ranging from 3 -5.5 feet (0.9-1.7 meters) in diameter.
A plot ofthe average test adjustment factors used to determine the values in Tables 18.3 and 18 .4 is shown in Figure 18 .4. Initial conditions of the three magmeters indicated an average accuracy of 5.2% with a 5% bias (flows underpredicted). This was just outside of the expected accuracy of2-5%. The accuracy potential observed under three years of good metering practice is 4.2%, with a bias of 4% (flows underpredicted). No corrective maintenance was performed over the three years. The increased accuracy is most likely a statistical anomaly due to the small number of available tests. The results shov,rn in Figure 18 .4 reflect the consistent nature of the magmeter. However, as shown in Figme 18.5, one of the three magmeters has shown increasing bias over the last 3 years. This issue is cUlTently being investigated, and may be due to sensor cOlTosion or coating. The magmeters evaluated showed high accuracy and consistency other than the meter cun-ently under investigation. Other dye tests performed on magmeters at the Detroit wastewater treatment plant not included in this study have indicated a similar bias, underpredicting flows by 2-3%. It is possible that cOlTosion of the wetted sensors may eause this bias; however, three meters is not a sufficiently large number of samples to allow solid conclusions about a bias in the technology.
FCMP
Full-conduit, multiple-path (FC MP) meters are area-velocity meters that use two or more acoustic paths to measure the average velocity across each path. They operate under full-pipe conditions so depth sensing is not required. The path velocities are used to determine an average pipe velocity using an integration algorithm. Since the area is well defined and typically 4 or more paths are used, these meters can be highly accurate and consistent if properly maintained. Potential problems include asynunetlic velocity profiles, velocity path failures, solids interference, and integration errors (Lowen, 1979 and 1977; Vermeyen 1994 ; U.S. Bureau of Reclamation, 1997; Patino, 1997) . Laboratory and field testing has accmacies ranging from 0.5-2% in clean water applications (Vermeyen 1994; U.S. Bureau of Reclamation, 1997; Lowell, 1979) . Under asymmetric velocity profiles, laboratory testing has found that the integration error can be 2-4% alone (Vermeyen, 1994) . Based on experience and engineering judgement, the Flow Metering Task Force estimated an accuracy of 2-5% in the field for wastewater applications. In this study, four tests were performed on two FC MP meters [4 and 10 feet (1.2 and 3.0 meters) in diameter].
A plot of the average test adjustment factors used to determine the values in Tables 18.3 and 18 .4 are shown in Figure 18 .6. Initial conditions ofthe FC MP meters indicated an average accuracy of 5.4% with no average bias. This was just outside of the expected accuracy of 2.5 and 5%. The accuracy potential observed under three years of good metering practice is 3.8%, overpredicting flows by 1 %. Three of the four tests performed on a 10-foot-diameter meter indicate a good installation with consistent results (tests 1-3 in Figure 18 .6b). However, under certain low flow conditions, it appears that air entraimnent can cause path failure. Only one test has been performed all a 4-foot-dianleter meter (test 4 Floyv ~M~etering Accurac.v Assessment using Dye Dilution Testing on Figure 18 .6b). As review of the base data and dye test results have indicated good operation, no maintenance work has been performed on these meters.
FCSP
Full-conduit single-path meters are similar to FC MP meters except that they use only one path to measure the velocity. The reported accuracy for this technology is as high as 2% (U.S. Bureau of Reclamation, 1997) . The FMTF expected the accuracy of these meters to be between 5-10%. In this study, fourteen tests were performed on three meters ranging from 4-5.5 feet (1.2-1. 7 meters) in diameter.
A plot of the average test adjustment factors used to determine the values in Tables 18.3 and 18.4 are shown in Figure 18 .7. Initial conditions of the FC MP meter indicated an average accuracy of7. 8% with a bias of underpredicting flows by 6%. This was within the expected accuracy of 5 to 10%. The accuracy potential observed over three years of good metering practice is 4.5%, underpredicting flows by 1 %.
In general, these three meters have operated accurately and consistently as Figure 18 .7 shows. However, one meter, after being off-line for over a year due to a power-line failure, significantly decreased in accuracy. After two dye tests indicated an accuracy of about 30% (the last two tests plotted in Figure  18 .7), an investigation found a faulty transmitter. Dye dilution testing led to a quick identification of the problem and also provided a way to correct the data being collected.
OCMP
Open-channel, multiple-path (OP MP), transit-time meters are simiiarto the FC MP meters, except they operate under open-channel conditions. The added difficulty of a free surface adds additional error to the flow measurement. A fair amount of laboratory and field-testing has been perfonned on these meters as they offer the greatest flexibility of use, including rivers and streams. Typically reported accuracy ranges between 3-5% with at least two paths (Lowell 1979; Lowen 1977) . The sources of error are similar to other transit-time meters with the added complexity of integrating velocity in the vicinity of a free surface.
Significant error is also introduced by inaccuracy in depth measurement. All meters tested in this study used two depth sensors of differing tedmologies (an ultrasonic dowll100ker and a pressure transducer), to monitor for drift. It was not uncommon at times to fmd these two measurements to differ by more than 5%. In most cases the downlooker was used as the primary depth sensor as the pressure transducers had a tendency to drift. In this study, 68 tests were performed on 13 OC MP meters ranging from 6-24 feet (1.8 -7.3 meters) in diameter.
A plot of the average test adjustment factors used to determine the values in Tables 18.3 and 18 .4 are shown in Figure 18 .8. Initial conditions ofthe FC MP meters indicated an average accuracy of 18.6%, with a bias of 10% (flow underpredicted). This was significantly outside the expected accuracy of 5-10%. The accuracy potential observed over three years of good metering practice is 5.8%, underpredicting flows by 1%.
The OC MP meters are the most complicated metering technology used in the GDRSS system. This complexity is caused by the use of multiple fieldinstalled transducers and a depth sensor that must be accurately installed. In all cases, the meters that were evaluated were new installations where the installation work was perfonned by a manufacturer's representative using the best available methods to obtain high accuracy. Each meter was installed so that a minimum of two paths would be active under dry weather flow. In some locations, however, the meter had to rely on a single path because of unexpectedly low depths. During single-path operation, the accuracy of these two meters dropped by more than 7% from double path operation. Dye tests performed under both single-and double-path operation were used to determine site specific algorithms to correct for single-path operation.
It is important to note that most of these meters \'lere installed in locations \vhere no other technology could have been installed. In many cases, these challenging sites were installed vvithout the interruption in flows or during very short and/or incomplete shutdown periods. Perhaps the most challenging aspect of these installations has been providing reliable and accurate depth sensing. As noted above, redundant discrepancies of over 5% were not uncommon at these locations. This is primarily due to large-pipe diameters that typically have small dry weather water depths with large depth ranges under wet weather conditions.
Because of the complexity of this technology, dye testing was especially useful as it was used to focus the maintenance efforts. Specifically, several meters had errors exceeding 30% after initial installation, including one meter with an error of over 70%. If dye testing were not used, these meters would have been considered to be reasonably accurate. Unfortunately, during the fIrst year of operation for most of these meters, the primalY base data, including path velocities and gains, were not recorded. As a result, an important fInding of this study was that it is critical to collect and review all the base data for these meters on a weekly basis to monitor for potential issues, such as path failures. It is possible that review of the base data would have indicated some of these errors; however, dming each dye test, all base data were conected in the field at the meter in order to confrrm proper operation.
Typical corrective actions included re-evaluation of the manufacturer's integration algorithms (which, in some locations, needed to be redeveloped), changes to the pipe geometry, re-evaluation of installed parameters, and adjustment of path heights and lengths. In no cases were the meter parameters "calibrated" to dye test results as a means for increasing accuracy.
Geometry errors due to improperly surveyed parameters can also lead to significant errors. At one location, two meters \vere installed in cross-plane confIgurations to each other, each with four paths at the same heights relying on the same depth sensor and data recorder. Measured velocities were found to disagree by more than 10% on the lower path and 2-4% on the second and third paths. This has led to an average flow disagreement of over 8%, independent of any depth-sensing error.
The results of this study indicate that these meters can be highly accurate, but an objective standard that enables a celiifIcation of installed accuracy is critical for these meters. This is due to the many site-specifIc variables that affect their accuracy that cannot be found by review of the primalY base data.
OC Ultrasonic
Open-channel (OC), ultrasonic meters, also called Doppler meters, are areavelocity meters that measure the velocity in a flow stream by bouncing acoustic waves off suspended solids or entrained air bubbles. Some technologies use an algorithm to approximate the average velocity based on the maximum velocity observed. Others calculate the average velocity using an analysis of the spectrum of velocities measured. The meters tested in this chapter all used the latter technique to estimate average velocity. A single-depth sensor was used to determine the cross-sectional area of the flow. \\Thile these meters can be accurate, testing of various models has shown that they can be inconsistent and have en-ors as high as 20-30% of measurement (Trimmer, 1988) . The manufacturer of the meters used in this project claim an accuracy of 2% of measurement (Camp Dresser & McKee, 1996a) . The FMTF estimated an installed accuracy of 5-20% for this technology. In this study, eleven tests were performed on five OC ultrasonic meters ranging from 2-15.5 feet ( 0.6-4.7 meters) in diameter.
A plot of the average test adjustment factors used to determine the values in Tables 18.3 and 18 .4 are shown in Figure 18 .9. Initial conditions of the five OC ultrasonic meters tested indicated an average error of 21.2% with a bias of 10% (flows underpredicted). This is outside the expected range of 5-20%. The accuracy potential observed over three years of good metering practice is 7.7%, overpredicting flows by 2%. In general, these meters performed better than expected, having a potential accuracy close to the OC MP meters. As these five meters were temporary installations, operating for less than a year, minimal corrective maintenance was performed. The high initial inaccuracy is primarily due to a single meter that was underpredicting flows by more than 75%. This meter was installed in a challenging location and re-enny to perfonn conective maintenance was not possible due to system constraints. Therefore, it is not included in the observed potential assessment. As a result of the dye test evaluations, one meter was upgraded and moved downstream to a more appropriate location.
Due to the small number of meters and tests perfonned, no solid conclusions about a technology bias can be made. However, considering that the technology is much simpler to install and maintain compared with OC MP meters, these meters perfonned very well, with a comparable level of accuracy.
It is important to understand that these meters would not be suitable in many of the locations the OC MP meters were installed, as their accuracy win greatly decrease for large diameters pipes with large depths.
Flumes
Flumes measure flow using an empirically derived depth-discharge relationship. They are very common for wastewater metering as they can be highly accurate and only require depth measurement. The empirical equations have been laboratory verified to 1.5-2.5% accuracy (U.S. Bureau of Reclamation, 1997) but their field application can have errors of over 10% (Clemmens, 1988) . This can occur from improper construction, distortions caused by settling, and sediment buildup that affcct the depth-discharge relationship. Based on experience and engineering judgment, the FMTF estimated an accuracy rangc of 5-15% of measurement. In this study, 34 tests were pcrfonned on twelve flumes ranging from 1.5-5 feet (0.5-1.5 meters) in width.
A plot of the average test adjustment factors used to determine the values in Tables 18.3 and 18 .4 are sho\\iJl in Figure 18 .10. Initial conditions of the 12 flumes tested indicated an average accuracy of 1 1.8% with a bias of3% (flows overpredicted). This was within the expected accuracy of 5-15%. After 3 years of good metering practice, the accuracy has increased to 5.1 % with no bias.
The three tests shown in Figure 18 .10 with the highest adjustment factors aU pertain to a single flume that was affected by a blockage between the stilling basin and the flume. After the third test, the ultrasonic downlooker was relocated over the throat of the flume and the meter is now accurate to within 7%.
Although many of the tests perfonned around July 1998 are within the GDRSS, they were not under the Phase IV project. These tests were perfonned only to indicate the meter accuracy, and were not subjected to any further good metering practice maintenance. Therefore, they are only included as initial conditions since no further work was perfonned to ensure high petfonnance.
The observed upward bias seen in the initial conditions is expected with flumes, as typical problems such as sediment buildup or obstructions will cause a restriction of flow, resulting in an increase of depth in the flume measurement section. Weirs also use a known depth-discharge relationship to measure flow. The accuracy of a \veir can be as high as 1.5 to 2.51% (U.S. Bureau of Rec1amation, 1997) . Weirs suffer the same inaccuracies as flumes, \'''lith even greater sedimentation problems as they block flows in the Imver portion of the flow stream. The depth of sediment behind a weir can vary from day to day as flows change, making it difficult to apply a consistent depth-discharge relationship. Based on experience and engineering judgment, the FMTF estimated weirs to have an accuracy between 5-20%. In this study. six tests were perfonned on two weirs of 7 and 8 feet (2.1 and 2.4 meters) in length. All tests for the \veirs are initial conditions as they are both currently under review for maintenance issues, and therefore their observed potential has not yet been seen. A plot of the average test adjustment factors used to determine the values in Tables 18.3 and 18 .4 are shown in Figure 18 .11. Initial conditions of the two weirs tested indicated an average accuracy of 27.4% with a bias of 27% (flows underpredicted). This was significantly outside of the expected accuracy of between 5 and 20%. 299
One of the weirs tested, considered accurate at the time and used for billing purposes, was underpredicting flows by 30%. The ultrasonic dow111ooker was replaced, which increased the accuracy to 23%. More work is still needed to conect these two weirs, which will include a re-evaluation of the weir parameters used for flow calculation. One constant problem with these weirs has been the buildup of sediment behind the weir.
Average 8.}:stem Performance
Initial conditions of the entire system indicated an average accuracy of 15.0% with a bias of 6.1% (flows underpreructed). This was outside the expected accuracy range of 5-10%. After three years of good metering practice, the observed accuracy potential is 5.5%, underpredicting flows by 0.6%. Figure 18 .12 shows all dye tests used in the accuracy assessment on two plots. As described above, many meters that were or would have been considered reasonably accurate were found to be grossly in enor. The observed accuracy potential shown in Figure 18 .12b still includes some meters that require further investigation, but represents what was accomplished over three years of intensive efforts to bring the system to a satisfactory level of accuracy. More work is needed to continue increasing accuracy.
The overall observed potential bias is extremely low while the initial condition biases are significant enough to adversely affect billing and flow allocation work. The overall initial bias indicates the potential inaccuracies other similar systems may have. A similar bias of underpredicting flows has been seen in water distribution systems, which typically use magmeters (Carney, 1995) . However, each wastewater system is variable and complex with its own mix of meter technologies, making it impossible to make a conclusion about bias in other similar systems. This is particularly true as each meter installation is unique, given the site-specific variables such as geometry and hydraulic conditions. 
Flow Afete7ing Accuracy Assessment using Dye Dilution Testing
Conclusions
It should be noted that the observed accuracy and bias measurements presented here must be understood in the context ofthe GDRSS system. Many of the OC MP meter installations were placed in challenging locations previously thought to be un-meterable. Most are in very-large-diameter interceptors [up to 24 feet (7.3 meters) diameter)] flowing only partially full, making depth-sensing accuracy a key component of the overall metcr accuracy. Redundant depth sensing at metered locations has periodically shown discrepancies of over 5%. Furthennore, the number of meters tested for most technologies is low «10) and is not necessarily a representative sample of thc entire population. Larger sample sizes would be needed to make any solid conclusions about a particular technology.
However, several important findings can still be made from the assessment:
1. There are observable accuracy differences for flow meters -The average potential bias for all the meters in the project after applying good metering practice is 0.6% (underpredicting flows). While the system bias appears to be low, individual metering technologies may have biases or the potential for a significant drift in accuracy. Initial condition testing for flumes, in particular, show a tendency to overpredict flows, as might be expected due to the effects of silt accumulation, physical obstruction, or construction issues. Conversely, the magmeters in the system tended to underpredict flow. However, as expected, magmeters operate consistently and accurately, as evidenced by the observed accuracy of 4.2%. The greatest potential for large inaccuracies was observed for open-channel and complex meters (transit-time and ultrasonic meters). In general, through the use of good metering practice, the diffcrent meter teclmologies all show a good accuracy potential (5-7%) when rigorously maintained, falling within the expected ranges of accuracy developed by the FMTF. In particular, fhll-conduit meters show a potential of greater than 5% accuracy, and should be used when feasible and high accuracy is necessary. 2. Objective standards are important -Having an objective standard such as dye testing was important to the project because it allowed many meter maintenance issues to be identified that may have otherwise remained hidden. In many cases inaccuracies of over 20% were discovered at meters thought to be accurate. Once corrected, meter accuracy over long periods oftime can be tracked with the help of this method. Dye testing has resulted in a considerable improvement in system accuracy, with average error being reduced from 15.0% to 5.5%. 3. Reviel"ving installed accuracy is important -As the metering accuracy claimed by manufacturers is developed under controlled laboratory conditions, they typically are not realistic in highly variable and complex field installations. In the process of reviewing meter performance in a variety of field locations, numerous site-specific problems were diagnosed and resolved. For example, the geometry and parameter problems associated with many of the initial Accusoruc transit-time installations and the obstmction in one flume's stilling basin would have gone unnoticed. If these reviews are not performed, nothing can be said about the installation accuracy.
4.
Simple is oJlen betfer -It is important to install the simplest technology possible that meets the accuracy needs. The project staff found that if the flow measurement depends on many different components, errors are often difficult to diagnose and correct. Multi-path transit-time meters are very complex devices that should only be installed if other technologies cannot be costeffectively installed in the locations needed. If complex devices are installed, it is important to have all the data used for calculating flow available so that problems with these data sources can be reviewed and flows re-calculated if necessary. Based on the metering technologies that were reviewed, primary element systems that use weirs or Parshall flumes can provide a high level of accuracy, if they are properly maintained and if the depth-measurement device is working properly. In addition, magmeters are most applicable to small-pipe installation, and mUlti-path, transit-time flow meters appear to be the best option, with the level of accuracy needed for large-pipe installations. The FC MP meters compare in accuracy with magmeters and can be installed in large pipes, but have the disadvantage of maintaining a more complex mcter. The OC ultrasonic meters compare wen OC MP meters for smaller installations with less maintenance required, but would not be applicable for large depths.
The dye dilution testing method developed under this project provides a valuable method for quantifying meter accuracy, which should be used wherever possible to assess meter accuracy. It or another objective standard should be applied consistently to all meters in a collection system if accuracy standards are to be consistently met. The use of dye dilution testing has raised the expectations for average system accuracy. It is now expected that on average the system can reach an accuracy of 5-7% of measured. Furthermore, technologies such as weirs and flumes should be able to achieve accuracy within 1 O~'O.
